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Evolution of structure and electrical properties with lanthanum content in 
[(Bi1/2Na1/2)0.95Ba0.05]1-xLaxTiO3 ceramics 
Xiaoming Liu, Hanzheng Guo, and Xiaoli Tan
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Department of Materials Science and Engineering, Iowa State University, Ames, IA 50011, USA 
Lead-free perovskite [(Bi1/2Na1/2)0.95Ba0.05]1-xLaxTiO3 (x = 0.00 ~ 0.10) ceramics were 
fabricated via the solid state reaction method and their crystal structures and electrical properties 
were systematically studied. Transmission electron microscopy examination reveals a transition 
from a rhombohedral R3c phase with micron-sized complex domains to a mixture of 
rhombohedral R3c and tetragonal P4bm phases with nanodomains as La content was increased. 
X-ray diffraction analysis on bulk samples, however, indicates a pseudocubic structure in La-
doped compositions. Electrical poling seems to transform the pseudocubic structure to a 
rhombohedral phase in compositions with 0.00 < x < 0.03. With La addition, the depolarization 
temperature (Td) is observed to decrease and the dielectric constant (εr) within 100 ~ 350 
o
C
becomes more temperature independent, promising for applications in high-temperature 
capacitors. Electric field-induced polarizations and strains display complex changes with respect 
to La concentration, with the highest strain of 0.35 % achieved in the composition x = 0.04 under 
70 kV/cm at room temperature. The piezoelectric coefficient d33 initially increases with La 
content, reaching a maximum value of 151 pC/N in the composition x = 0.02, and then 
diminishes. 
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1. INTRODUCTION
Widespread use of electromechanical materials has urged the study on advanced ceramics which 
have outstanding ferroelectric and piezoelectric properties.
1
 These functional ceramics have been
commercially utilized in actuators, sensors, and high temperature capacitors.
2,3
 In the most
widely used piezoelectric ceramics, Pb(Zr1-xTix)O3 (PZT), the best electromechanical properties 
are found in the so-called morphotropic phase boundary (MPB) compositions.
1
 This has been
attributed to the coexistence of multiple phases,
1
 the presence of a low-symmetry monoclinic
phase,
4
 and the formation of nanometer-sized ferroelectric domains.
5
 Lanthanum is an interesting
chemical dopant for PZT (especially PbZr0.65Ti0.35O3) which introduces excellent electro-optic 
properties
6,7
 and a relaxor behavior.
8,9
 Microstructurally, La addition destroys the long range
ferroelectric order in the rhombohedral R3c phase, forming nanometer-sized domains that can be 
easily reoriented under electric field.
10,11
 As a consequence, ultrahigh piezoelectric coefficient
d33 (in excess of 700 pm/V)
3
 and large electric field-induced strains are observed in these
ceramics.
10,11
However, the negative impact on the environment of these lead-containing ceramics has 
led to extensive research worldwide to develop lead-free compositions with comparable 
electromechanical properties.
12
 Previous research has identified the (Bi1/2Na1/2)TiO3–BaTiO3
(BNT–BT) binary solid solutions as one of the most promising systems due to their high 
transition temperatures and d33 values.
12,13
 Our recent work has updated the phase and domain
structure in BNT–BT as a function of composition,14,15 temperature,16 and electrical poling
field.
17,18
 These studies have clarified the composition-induced transitions from the monoclinic
Cc, to rhombohedral R3c, to tetragonal P4bm, and to tetragonal P4mm phases in the unpoled 
state at ambient conditions. The intermediate P4bm phase displays nanometer-sized polar 
3 
domains with typical relaxor behavior and can be poled to be piezoelectric with the d33 around 
165 pC/N.
19
 To preserve the nanometer-sized domains of the P4bm phase, the poling field has to
be below the critical field of phase transition. Therefore, the low poling field may have 
compromised the full development of piezoelectricity. 
It is interesting to notice the existence of a ferroelectric R3c phase in the BNT–BT binary 
system with BT content between 4% and 5%.
18
 This rhombohedral phase is stable against the
poling field and does not experience any phase transition prior to dielectric breakdown. 
Considering the formation of nanometer-sized domains with the R3c symmetry through La-
doping in PbZr0.65Ti0.35O3 and the resultant ultrahigh d33 values,
3,19
 the present work employs La-
doping to reduce the domain size in the R3c phase of (Bi1/2Na1/2)0.95Ba0.05TiO3, with the hope to 
further improve piezoelectric properties. In addition, La addition is likely to decrease the thermal 
depolarization temperature, Td, in BNT–BT. When Td is close to room temperature, the added 
structural instability may help to achieve large d33 values.
20,21
La-doping in BNT–BT has been reported previously in literature, primarily in 
(Bi1/2Na1/2)0.94Ba0.06TiO3.
22,23,24
 It was found that La addition changed the polarization hysteresis
loops into pinched ones, suggesting a strengthened antiferroelectric order. This is similar to the 
trend observed in La-doped PZT ceramics.
10
 In K0.5Na0.5NbO3 modified (Bi1/2Na1/2)0.94Ba0.06TiO3
ceramics, the antiferroelectric order is also enhanced, and large electrostrictive strains were 
observed.
25
 However, the strains developed under applied field in these La-doped
(Bi1/2Na1/2)0.94Ba0.06TiO3 ceramics were not reported previously. Moreover, it should be noted 
that (Bi1/2Na1/2)0.94Ba0.06TiO3 is mainly comprised of the P4bm phase with nanometer-sized 
domains;
14,15
 it is not the desired R3c phase, and the domain size reduction by La addition is
4 
limited. Furthermore, the domain morphology in these ceramics has not been examined and 
hence the impact of the La-dopant on this composition has yet to be confirmed. 
2. EXPERIMENTAL
[(Bi1/2Na1/2)0.95Ba0.05]1-xLaxTiO3 (x = 0.00 ~ 0.10) ceramics were fabricated using the solid 
reaction method. Oxide and carbonate powders of Bi2O3 (≥ 99.9%, Aldrich), TiO2 (≥ 99.99%, 
Aldrich), La2O3 (≥ 99.999%, Alfa Aesar), Na2CO3 (≥ 99.9%, Fisher), and BaCO3 (≥ 99.997%, 
Alfa Aesar) were used as starting raw materials. Na2CO3 and La2O3 powders were baked before 
batching. The raw powders were weighed according to the chemical formula, then mixed and 
vibratory milled in ethanol with zirconia milling media for 6 hours. After drying, the mixtures 
were calcined at 800-900
o
C and then milled again for 6 hours. Using polyvinyl alcohol as a
binder, the calcined powders were pressed into circular disks under 300 MPa. With disks buried 
in the same composition protective powder, sintering was performed at 1150 
o
C for 3 hours in
alumina crucibles at a heating/cooling rate of 5 
o
C/min.
The phase purity and crystal structure of as-sintered and poled ceramic pellets were 
analyzed with X-ray diffraction (Model-D500, Siemens, Germany). The density of all samples 
was measured using the Archimedes method. The grain morphology was examined with 
scanning electron microscopy (SEM, FEI Quanta 250) on the polished cross-sections after 
chemical etching in a mixed solution of hydrochloric acid and hydrofluoric acid for 30 to 60 s. 
Transmission electron microscopy (TEM) was performed to reveal the domain structures in 
selected compositions with a Phillips CM-30 microscope operated at 200 kV. TEM specimens 
were prepared via standard procedures including grinding, cutting, dimpling, and ion milling. 
5 
The dimpled disks were annealed at 300 
o
C for 2 hours to minimize artifacts introduced during
mechanical thinning. 
Electrical properties were measured after silver paste (Dupont 6160, Durham, NC) was 
fired on the surfaces of the samples at 850 
o
C as an electrode. The dielectric constant (εr) and loss
tangent (tanδ) were measured using an LCR meter (HP-4284A, Hewlett-Packard) in a tube 
furnace with a heating rate of 4 
o
C/min at frequencies of 1, 10, and 100 kHz for unpoled and
poled samples. The polarization (P) developed under applied electric fields was monitored by a 
standardized ferroelectric test system (RT-66A, Radiant Technologies) at 4 Hz at room 
temperature under a peak field of 70 kV/cm. The longitudinal strain (S) developed under electric 
field in the form of a triangular wave of 0.05 Hz was measured with an MTI-2000 fotonic sensor 
(MTI Instruments Inc., Albany, NY). For piezoelectric measurements, pellets were poled under 
DC fields of two times their coercive fields (Ec) for 10 minutes at room temperature. A piezo-d33 
meter (Model ZJ-4B, Institute of Acoustics, Chinese Academy of Sciences, China) was used to 
take 10 measurements across the electrode of the sample. 
3. RESULTS AND DISCUSSION
The SEM micrographs recorded on the polished cross-sections of selected compositions after 
chemical etching are displayed in Fig. 1. The ceramics are of high density with different grain 
sizes and morphologies. The average grain sizes, determined with the linear intercept method, 
are 1.67, 1.72, 0.92, and 0.88 μm for x = 0.00, 0.02, 0.03, and 0.06, respectively. Initial addition 
of La (x ≤ 0.02) does not seem to influence the grain size; further increase in La leads to 
6 
suppression of grain growth during sintering. Density measurements indicate values in the range 
of 93% ~ 98% for the relative density. 
The X-ray diffraction patterns of as-sintered ceramics are displayed in Fig. 2(a). It is 
obvious that the compositions of x ≤ 0.05 are of single phase with the perovskite structure. Trace 
amount of second phase is seen in the composition of x = 0.06. Therefore, the solubility of La in 
(Bi1/2Na1/2)0.95Ba0.05TiO3 is 5 at.%, which is consistent with a previous report.
22
 A close
examination of the patterns around 2θ = 40o is shown in Fig. 2(b), where the {111} peak splitting
is seen in the ceramic of x = 0.00. This is consistent with our previous work;
18
(Bi1/2Na1/2)0.95Ba0.05TiO3 is rhombohedral with the R3c space group. However, with addition of 
La, the split peaks merge into one, indicating a pseudocubic structure. The X-ray diffraction 
analysis on the poled sample of (Bi1/2Na1/2)0.95Ba0.05TiO3, seen in Fig. 2(c), shows the intensity of 
the (111) and (111̅) peaks change, suggesting the occurrence of permanent domain switching due 
to electrical poling. The comparison between the X-ray diffraction patterns of unpoled and poled 
pellets of x = 0.01, 0.02, and 0.025 seems to suggest an electric field-induced phase transition 
during poling. However, the pseudocubic structure for compositions of x = 0.03, 0.04, 0.05, and 
0.06 remains after poling. 
The domain structure of as-sintered ceramics is examined with TEM, and the results are 
shown in Fig. 3 for representative compositions. Consistent with the X-ray diffraction results on 
a bulk sample (Fig. 2) and our previous TEM work,
14,15
 the base composition
(Bi1/2Na1/2)0.95Ba0.05TiO3 displays primarily complex domains with the R3c symmetry, as 
manifested by the presence of 1/2{ooo} superlattice diffraction spots (o stands for odd Miller 
indices) in the [110] and [112] zone axis electron diffraction patterns. Well-defined domain walls 
are found along two orthogonal {100} crystallographic planes, and hence the domains are very 
7 
likely to be 109° domains (Fig. 3(a)). In a grain that is imaged along the [110] zone axis (Fig. 
3(b)), the edge-on domain walls along (001) planes are clearly contrasted. The 1/2{ooo} 
superlattice spots, indicating the rhombohedral R3c symmetry with the a
-
a
-
a
-
 oxygen octahedral 
tilting, are highlighted by the bright circle in the inset. Fig. 3(c) shows a grain that is imaged 
along the [112] zone axis. Again, complex domains with inclined domain walls are observed. 
Crystallographic analysis indicates that these domain walls are very likely to be on {100} planes. 
The selected electron diffraction pattern from these complex domains, Fig. 3(c1), shows strong 
1/2{ooo} superlattice spots, confirming the R3c symmetry. It is also apparent that the grains 
shown in Fig. 3(a), (b), (c) all contain small portions with nanodomains. Electron diffraction 
from the circled area containing such nanodomains in Fig. 3(c) indicates the presence of the 
1/2{ooe} superlattice diffraction spots (e stands for even Miller indices), as marked by the bright 
arrow in Fig. 3(c2). According to our previous studies,
14,15
 these nanodomains are of tetragonal 
P4bm symmetry with the a
0
a
0
c
+
 oxygen octahedron tilting. Therefore, the base composition 
(Bi1/2Na1/2)0.95Ba0.05TiO3 is primarily consisted of the rhombohedral R3c phase, with a minor 
amount of the tetragonal P4bm phase.  
With 2 at.% La substitution, TEM examination reveals that around two thirds of all the 
grains in the specimen are occupied by nanodomains (Fig. 3(d)), while the remaining one third 
exhibit a core-shell structure with complex domains in the small cores and nanodomains in the 
large surrounding volume. For the grains with only nanodomains, the electron diffraction pattern 
recorded along the [112] zone axis reveals the presence of both 1/2{ooo} and 1/2{ooe} 
superlattice diffraction spots, see the inset in Fig. 3(d). This can be attributed to the coexistence 
of the R3c nanodomains and the P4bm nanodomains. The possibility of a single phase with a 
combination of in-phase and antiphase titling has been ruled out based on the fact that the 
8 
1/2{eeo}-type superlattice diffraction spots are expected to be accompanied by 1/2{ooo} and 
1/2{ooe} spots in all possible single phases.
26
 Extensive TEM examinations on about 20 grains
did not indicate the presence of any 1/2{eeo} superlattice spots. However, the distortions seen 
from the electron diffraction seem to be invisible to the X-ray diffraction on the bulk sample 
where a pseudocubic phase is revealed. This may well have originated from the limited 
resolution power of the X-ray diffractometer. 
Further increase in La content leads to the formation of new microstructural features in 
grains. Fig. 3(e) displays a representative micrograph and an electron diffraction pattern for the 
composition of x = 0.04. Polar nanoregions are dominant in all the grains, with both 1/2{ooo} 
and 1/2{ooe} superlattice diffraction spots present. Most interestingly, a large number of defects 
are seen. They appear to be straight dislocations but are more likely to be the early precipitates of 
a second phase, similar to those observed in La-doped BaTiO3.
27
 Therefore, the La dopant is
found to suppress the long-range ferroelectric order and disrupt ferroelectric domains into 
nanometer-sized domains in (Bi1/2Na1/2)0.95Ba0.05TiO3, a lead-free composition; this effect has 
also been observed in lead-containing ferroelectric ceramics.
10,11
Figure 4 shows the temperature dependence of relative dielectric permittivity εr and loss 
tangent tanδ measured during heating at 1, 10, and 100 kHz on unpoled and poled samples. The 
base composition, (Bi1/2Na1/2)0.95Ba0.05TiO3, displays two dielectric anomalies at the thermal 
depolarization temperature, Td, and the dielectric maximum temperature, Tm. At Td, the ceramic 
experiences a spontaneous transition from the relaxor ferrielectric P4bm phase to the 
ferroelectric R3c phase during cooling, and the ferroelectric R3c domains turn into nanometer-
sized domains during heating.
16,28
 According to previous studies,
17,18
 electrical poling
presumably transforms the trace amount P4bm phase into R3c phase and grows the ferroelectric 
9 
domains in the original and induced R3c phase. This is manifested as a better defined Td on the 
dielectric curves from the poled sample (Fig. 4(b)). The incorporation of La apparently 
eliminates Td within the measurement temperature range and enhances the frequency dispersion 
in unpoled samples. Electrical poling causes the Td and associated dielectric anomaly to return; 
however, the anomaly becomes weaker as La content increases, see Fig. 4(d), (f), (h). In 
compositions x = 0.03, 0.04, 0.05, and 0.06, poling no longer produces any difference in the 
dielectric curves. In addition, the compositions x = 0.05 and 0.06 display a high (εr > 2000) and 
remarkably stable dielectric constant along with an extremely low loss tangent within the 
temperature range of 120 ~ 330 
o
C, suggesting potential applications of these ceramics as
dielectrics in high temperature capacitors. 
The temperature Tm from all unpoled samples, together with Tm and Td from poled 
samples, is shown in Fig. 5. It seems that La addition does not affect Tm, and electrical poling 
also has a very limited impact on Tm. In contrast, Td in poled ceramics decreases quickly with La 
content and eventually disappears from the measured temperature range in ceramics with x ≥ 
0.03. 
Combined with the microstructure evolution revealed with TEM, it is understood that the 
base composition, (Bi1/2Na1/2)0.95Ba0.05TiO3, is primarily of the R3c phase in the form of complex 
ferroelectric domains in the unpoled state. Electrical poling triggers an irreversible phase 
transition of the trace amount of P4bm phase and aligns domain polarizations in the R3c phase.
17
La-doping at low levels (x = 0.01, 0.02, 0.025) transforms the base composition from a 
ferroelectric to a non-ergodic relaxor at room temperature,
9,10,19
 most likely with a ferrielectric
order.
28,29
 These compositions possess static polar nanodomains which, unlike the dynamically
fluctuating polar nanoregions in ergodic relaxors, can be poled and aligned under applied electric 
10 
fields. In the unpoled state, these polar nanodomains are responsible for the frequency dispersion 
in the dielectric behavior and the absence of Td. Electron diffraction appears to suggest mixed 
phases with R3c and P4bm distortions at the nanoscale; however, the distortion is too small to be 
detected by a conventional laboratory X-ray diffractometer. Electrical poling at high fields 
induces a phase transition and the induced ferroelectric phase remains at temperatures up to Td. 
Further increase in La content (x = 0.03, 0.04, 0.05, 0.06) makes the ceramics an ergodic relaxor 
with dynamically fluctuating polar nanoregions. The polar nanoregions, responsible for the 
frequency dispersion in the dielectric behavior, do not sustain the macroscopic polarization 
developed under an applied field when the field is removed. The mixed phases revealed by 
electron diffraction are again hardly seen by X-ray diffraction on bulk samples. 
The electric field-induced phase transition during poling is also supported by the 
development of polarization (P) and strain (S) during the very first half cycle of applied field, as 
displayed in Fig. 6. The data are recorded at room temperature under a peak field value of 70 
kV/cm. For non-ergodic relaxor compositions (x = 0.01, 0.02, 0.025), the P vs. E and S vs. E 
curves look similar, and the strain takes an abrupt increase at the critical phase transition field 
EF.
19
 It is interesting to note that EF is the lowest (~30 kV/cm) for the composition x = 0.01 and
is approaching 40 kV/cm for the other two compositions. The polarization and strain curves also 
take a similar form for the ergodic relaxor compositions (x = 0.03, 0.04, 0.05, 0.06). Under the 
intense applied field, the composition x = 0.03 seems to have some extent of phase transition. 
After the first cycle of applied field at a peak value of 70 kV/cm, hysteresis loops of 
polarization and strain under successive bipolar field cycles were recorded and are displayed in 
Fig. 7. The base composition, (Bi1/2Na1/2)0.95Ba0.05TiO3, displays a normal P vs. E hysteresis loop 
and a typical butterfly-shaped strain curve. For compositions of x = 0.01, 0.02, 0.025 (Fig. 7(a) 
11 
and (c)), the data represent the response of the induced ferroelectric phase to the applied field. 
Typical strain curves are recorded; however, apparent distortions can be seen in the P vs. E loops. 
These distortions may well be related to the relaxor↔ferroelectric phase transition.30 The
compositions x = 0.03 and 0.04 display pinched polarization hysteresis loops and sprout-shaped 
strain curves, while the compositions x = 0.05 and 0.06 show an almost linear dielectric behavior 
(Fig. 7(b) and (d)). Similar results in electric field-induced polarization and strain have been 
observed previously in other ceramics.
2,31
The properties measured from Fig. 7, including the remanent polarization Pr, maximum 
polarization Pmax, the coercive field Ec (together with EF obtained from Fig. 6), the maximum 
strain Smax and strain range S, are plotted in Fig. 8 to illustrate the impact of the La-dopant to 
the base composition. It is seen that the composition x = 0.01 is quite unusual. It has the largest 
polarizations (Pr = 39 μC/cm
2
, Pmax = 45 μC/cm
2
), lowest EF (30 kV/cm) which is lower than its
Ec, and yet very low strains. The abrupt drop of Pr at x = 0.03 supports the characterization of 
this and others with higher La contents as ergodic relaxors. The coercive field Ec measured from 
the P vs. E loops under the second cycle of applied field continuously decreases with La content. 
Meanwhile, the maximum strain, Smax, and the strain range, S, initially increase with La content, 
both reaching a maximum of 0.35% in the composition x =0.04, then decrease significantly in x 
= 0.05 and 0.06. The difference between Smax and S is the negative strain.
32
 Apparently, La
addition reduces the negative strain, which becomes zero in compositions x = 0.04, 0.05, 0.06. 
The highest strain under strong electric field is observed in the composition where the negative 
strain just becomes zero.
2,25
 Such compositions are referred to as incipient piezoelectrics and are
good candidates for actuator materials. Considering the potential applications of compositions x 
= 0.05 and 0.06 as dielectrics in high temperature capacitors due to their high and temperature-
12 
stable dielectric constant along with extremely low loss tangent (Fig. 4), the minimal dimension 
change under electric field revealed in Fig. 7 and 8 would definitely be helpful in suppressing 
mechanical failure and extending service life time. 
The small signal piezoelectric coefficient d33 is displayed in Fig. 9. Consistent with 
microstructural analysis, dielectric properties and electromechanical measurement results, the 
changes in the ergodic relaxor ceramics (x = 0.03, 0.04, 0.05, 0.06) under strong poling fields do 
not remain after the poling field is removed. As a consequence, close to zero values of d33 are 
recorded. In contrast, the aligned domain polarizations in the ferroelectric base composition (x = 
0.00) and the induced ferroelectrics phase in non-ergodic relaxor compositions (x = 0.01, 0.02, 
0.025) are largely preserved after the poling field is removed, and high d33 values are measured. 
La addition enhances the small signal d33 coefficient (119 pC/N for x = 0.00 while 151 pC/N for 
x = 0.02), and the enhancement is likely due to the formation of nanometer-sized domains and 
the reduced Td. However, it should be pointed out that the measured d33 values are still far below 
those observed in La-doped PbZr0.65Ti0.35O3 with R3c nanodomains.
3,11
 In addition to the
structural instability manifested by the nanodomains and the close-to-room-temperature Td, the 
chemistry of the ceramic apparently also dictates its piezoelectric properties. 
The dielectric properties displayed in Fig. 4 suggest potential applications of the high La-
content compositions as high-temperature dielectrics. To further verify this, the compositions of 
x = 0.08 and 0.10 are evaluated. As shown in Fig. 10, high and yet remarkably stable dielectric 
constants are seen for both compositions in the temperature range between 100 
o
C and 350 
o
C.
The values of εr are ~1500 (±6%) and 1250 (±4%) for x = 0.08 and x = 0.10, respectively, in this 
temperature window, which are compared favorably to other perovskite compositions reported 
previously.
33,34
 Furthermore, no dielectric dispersion is detected while the loss tangent remains
13 
below 0.1 %. The extremely low loss tangent allows the application of strong electric fields to 
these ceramics. As shown in Fig. 11, the P vs. E hysteresis loops were recorded at a peak field of 
100 kV/cm at temperatures up to 175 
o
C. Compared to those low La-content compositions, the
hysteresis loops for these two compositions are much slimmer, the composition x = 0.10 almost 
shows a linear dielectric behavior. The maximum polarization decreases slightly as temperature 
increases and no sign of polarization saturation is seen even at 100 kV/cm and 175 
o
C. Therefore,
these high La-content compositions are indeed very promising for the use as high-temperature 
dielectrics. It should be noted that the second phase peaks in the X-ray diffraction patterns 
becomes more evident in compositions x = 0.08 and 0.10. 
4. CONCLUSIONS
The crystal structure, domain morphology, and electrical properties of [(Bi1/2Na1/2)0.95Ba0.05]1-
xLaxTiO3 (x = 0.00 ~ 0.10) ceramics are systematically investigated. La dopant is found to 
transform the base composition, (Bi1/2Na1/2)0.95Ba0.05TiO3, from a normal ferroelectric to a non-
ergodic relaxor (x = 0.01 ~ 0.025) and then to an ergodic relaxor (x = 0.03 ~ 0.06). The non-
ergodic relaxor compositions display an electric field-induced phase transition and after poling, 
high piezoelectric properties (151 pC/N in x = 0.02). The ergodic relaxor compositions with low 
La content (x = 0.03 and 0.04) develop large strains under electric fields (0.35% at 70 kV/cm in x 
= 0.04), promising for linear displacement actuator applications. The compositions with high La 
content (x = 0.06, 0.08 and 0.10) are promising for applications in high temperature capacitors 
due to their remarkably high and yet stable dielectric permittivity and extremely low loss tangent 
in a wide temperature range of 100 – 350 oC.
14 
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Fig. 1. SEM micrographs recorded from polished and then chemically etched cross-sections of 
[(Bi1/2Na1/2)0.95Ba0.05]1-xLaxTiO3 ceramics. (a) x = 0.00; (b) x = 0.02; (c) x = 0.03; (d) x = 0.06. 
19 
Fig. 2. X-ray diffraction analysis of the [(Bi1/2Na1/2)0.95Ba0.05]1-xLaxTiO3 ceramics. (a) The full 
patterns of the unpoled ceramics; and a close look at the {111} peak of the (b) unpoled ceramics 
and (c) poled ceramics. 
20 
Fig. 3. TEM examination of the domain morphology and crystal structure in as-sintered (unpoled) 
[(Bi1/2Na1/2)0.95Ba0.05]1-xLaxTiO3 ceramics. Bright-field micrographs recorded on grains in the 
base composition (Bi1/2Na1/2)0.95Ba0.05TiO3 along their (a) [001] zone axis, (b) [110] zone axis, 
and (c) [112] zone axis; and (d) in the composition x = 0.02 along the [112] zone axis, (e) in the 
composition x = 0.04 along the [112] zone axis. The representative selected area electron 
diffraction patterns are shown as insets. The diffraction pattern from the complex domain region 
in the grain shown in (c) is displayed in (c1) while that from the circled area in (c) with 
nanodomains included is shown in (c2). The 1/2{ooo} and 1/2{ooe} superlattice diffraction spots 
are indicated by bright circles and bright arrows, respectively. 
21 
Fig. 4. Dielectric constant εr and loss tangent tanδ vs. temperature curves measured at 1, 10, and 
100 kHz during heating of (a), (c), (e), (g), (i), (j), (k), (l) unpoled ceramics, and (b), (d), (f), (h) 
poled samples. 
22 
Fig. 5. La content dependence of Tm and Td in [(Bi1/2Na1/2)0.95Ba0.05]1-xLaxTiO3 ceramics. 
Fig. 6. The development of polarization and strain in unpoled [(Bi1/2Na1/2)0.95Ba0.05]1-xLaxTiO3 
ceramics under the very first half cycle field of an amplitude of 70 kV/cm at room temperature. 
23 
 
 
Fig. 7. The P vs. E and S vs. E curves under bipolar fields during successive cycles: (a) and (c) x 
= 0.00, 0.01, 0.02, 0.025; (b) and (d) x = 0.03, 0.04, 0.05, 0.06. 
24 
Fig. 8. (a) Pr and Pmax, (b) Ec and EF, and (c) Smax and S as a function of La content in 
[(Bi1/2Na1/2)0.95Ba0.05]1-xLaxTiO3 ceramics. 
25 
Fig. 9. The small signal piezoelectric coefficient d33 as a function of La content in 
[(Bi1/2Na1/2)0.95Ba0.05]1-xLaxTiO3 ceramics. 
Fig. 10. Temperature dependence of dielectric permittivity curves for (a) x = 0.08 and (b) x = 
0.10. 
26 
Fig. 11. The P vs. E hysteresis loops for (a) x = 0.08 and (b) x = 0.10 at 25, 75, 125 and 175 
o
C.
